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B, Blind, R. Harclekopf, A. Jason, C;. Lawrence, R. Shafer (AT-3)

T. Hardek, J. Hurd, R. Macek, M. Plum (MP-5)
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Abstract

An instability in the Proton Storage Ring (PSR) is observed as fast loss of beam
during accumulation and storage when the injected beam current exceeds a threshold
value. Experimental study results of that instal]ility are presented in this paper. The
instability threshold depends significantly on rf voltage, injected momentum spread, PSR
sextupole strengths, and also on ring octupole stre@hs. The results are consistent with tile
hypothesis tl~at the instability is a transverse instability excited by a transverse in~peclallce
2?1 with I 21 I % 1 Mf2/nl. The driving impedance lma significant Inagnitude in the
30 to 300-MHz frequency range.



Illtro(luctiol]

The Proton Storage Ring ( PSI{) is a fasl -cycling l~igll-cm-rellt storage ring clesignecl
to acc~mulal.e long Imalll pulses (750 //s) frolll lllt. l,A M1)F Iillear accelerator to provide

short beam pulses (,: 0.36 ps) that drive a spallat. ion Ileutron so~lrce. * Figure 1 shows the
ring and Table 1 sum]mrizes PSR parameters. Tl~e PSR is clesiglled 10 provicle 10@-pA

r ~, ~ 1013 lJrut.oils/l~~lls~. It WaSaverage current at 12 Hz, which implies accuillulation of .J.-
comnlissioned in April 1985 and hti succeeded in accumulating 3.4 x 101~ prot,ons/pulse.
Average currents of 10 ;:-4 l]ave been obtail~eci, hut beam losses inside the ring during ac-
cumulation and during extraction, = well as 11– ion source prohlelns, l~ave so far prevented
illllllell]e]ltatioll of full intensity uperationm

‘l%e PSR is also useful in studies of Imam dyl]anlics. Attempts to store high-intensity
beam were limited I)y an instability that caused I)eam loss on a tilne scale of
*1O - 100 ps. Figures 2A and 2B show stored beam as a ful]ctioll of tilne with stable
and unstable conditions. The instability is depenc!ent, upon ])eak stared current, and the
instability threshold current increases with increwed rf bunching vollagem

[n this paper, we summarize some of the qualitative and quantitative memurement.s
of this instability, which we have made during PS R development runs (September ihrough
December 1986), The evidence indicates that the instability is a transverse collective in-
st,al~ility. Del}endence cjf instability tlwesllolds ou rf voltage, beanl lllon~e~~tunl spread, sex-
t.{~pole strengths, and octupolc st.rcngtlls arc discussed. The exciting transverse impedance
is estimated at, 21 = 1 Y 10G fl/In and appears to have a high-frequency spectrum
(30-300 MHz), The sourer of the impcdancc has not yet been identified. Some possibilities
am sliggest)ecl ancl will I]c the s[lbjcct of fllrther studies.

‘V-msvrrse aIId l,mlgit.uciinal lnsttd]ilitics ill tl~c PSR.



The transverse instability limit, for co=ting beam can be written as

(1)

where I is the beam mrent, 21 is the transverse impedance, F is a factor of order unity
that depends on the bunch distribution and the impedance phase, E. is the proton rest
energy, fll is the average transverse hetatron amplitude, al]d AV is the total tune spread
of the beam. If there are no octupoles or higher order nonlinear ities,

Ap
Av=l(TL-v)q-(v[—

P’
(2)

where n is the harmonic number of tile impednnce, v is the betatrm tune,

1 1
7] ==

7–
— = 0.19

7 -f:

for the PSR, and < is the chronlaticity. Tl]e fllll momentum spread is Ap / p. Octupoles and
other nonlinearitics add an amplitude dependeme to the tune, which adds an additional
term AVNL to the tune spread,

New illstrd)ility, tl]e growth rate nlay Im written ~

where f. is the revollltion frequency, md xl is B factor that rq]proaches O at the instability
tlllrmlml~l hlld i]]cren.ses to a factor of order unity at twice tile lhre~hokl current. [~or
r[jrrcmts grmtly nlM)ve tllreslmld, tlmre is no l.ruldwl damping, and tile growth rutc is
givrll IJ,Y

(“l)



In the PSR Ilear tll(~ illstal)ility thresllo]d, A I/ w (1.01, so that

1longitudinal
stability criterion

T--] ‘-- :f’1 (5.7 }LS)-l.

coasting-beam i~~stahilities can also occur in the PSR. The longitudinal
can be written as

[ z!! Ap 2

()?17cp{37] -F ,
‘n

(5)

where 1? is a factor of order unity, ~ = v/c, and 211/11 is the longittldil~al impedance per
harnlonic ]lumher 11. For a resistive wall, tl~e lol~gituclin[d and trnl~sverse impeckulces are

related by

(6)

all~l t.l]is relntio]]shlp is a [Iscf[ll g~lide in con~l>ii.rillglongitudinal and tmnsverse impedances,

‘1’lw growth ratr for longit~ldill:d instal}ilities may lx expressed M

1.
Ap

T“” - 7t.~fo 7/~2 ‘,

P
(7)

vflm-c TJ is a factor thd lmol~ms zero d, the instability threshold mid is of order 0.3 at a
rllrrel]t of twice tllc tl~resllold. At 1’!51{ pammeters (Ap/p = 2 ( 10 ‘d, q = 0. 19),

r -1 ,... 71.rz (300 /(.q”-‘)

Itl tllr IliglllhyIlllsltd)lr litllil witllf)llil lJILII(lttlldtull])illg,

I [(
i(’2n?)lq }

r ‘“ ?f J(, /?t/ “) 1/P y h’,, lf ‘
(/4)

III ‘1’ILI)Iv2 ww (li”~l)l{ly tlIc i]lllx.(lm])c(’s (’ol.1(’s])ol)(lil)g” to tlw fit.d)ilily Iill]itls witlll ])IL-
rIIIII(st(’rsS(’tlItt I.t’f{srf”IItf, Vlllllrs II(SIII’1’S1{ (ll)(.rlltlil]g (Ooll(litiolls$”‘I’l Ic’ illll)(’(lall((” Iilllits 111’c
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Illatively high. The threshold for transverse instability is similar to that .-or longitudi-
nal instal~ilities; both types of instal]ilitim nlay occ[lr in the PSR. ‘The instability growth
rates are similar for 11% 50, with transverse instabilities faster at lower frequencies and
Io]lgitlldillal instabilities faster at high frt-qucllcics.

ove:view of’ tile Instability

The instability became evident t.hrmlgh beam loss during beam accumulation or beam
storage in the PSI+. Figure 2 shows tl]e instahili(y. At low currents, the l~eam is stable

(Fig. 2A). As more beam is stored, an instability appears that, causes beam loss (Fig. 2B
and 2C). As still nlore beam is injected, the beanl becomes unstable before injection is
completed (Fig. 2D).

Instability occurs when the injected beam current is above some threshold value. The
instability growth rate, as estimated from the beam loss rate, is typically much faster than
the synchrotrons oscillation frequency. l’he instability threshold substantially increases,

and the growth rate decreases when the PSR buncher rf voltage increases. Transverse
oscillations are noticeable shortly before beam loss and continue during beam loss (see
Fig, 3). 13etatron sidebands of the revolution harmonics are ,Ioticeable during unstable
beam pulses, hut. are not readily seen during stable beam pulses. High-frequency signals are

olxiervable at 30-40 MHz on the transverse beam monitors; these signals may be associated
with the instability.

The instability does not greatly depend upol? the vacuum conditions; incre~ing resid-
ual gas !>ressure by two orders of magnitude from lt)- H torr shows no significant change

in the instability threshold current, although fo.st bealn loss appears somewhat earlier in
the beam pulse at tl~e higher press~lres. The instability also does not depend appreciably
on injection stripper tl]ickness and location. Them is also no strong dependence of the
illst.al~ility on t.lle .mrticnl or l~orizol~tal t.ul~esof tile PSR.

The instability may be significant in limiting imanl current in high-intensity operation
with rf at f(lll voltage, evril with excractio:l imnlediately following injec.tioll. Figure 4A
shows a beam pulse during highest intensity operation (W 3.2 x 1013 protons/ pulse).
With rf switched ofr, the beam is viohmtly unstable [Fig. 413). With rf on, the beam is

still somewliatl lllmtfnl~lc, as can Iw seen by bcml~ losses in beam storage when extraction
is delnyml (l?i K, 4( !), Hipllc+r intensity opcrntion ‘will be (iif]icult (Inlcss the instnl)ility is
red{lrtd.

!r)



Depen(lence of tllle Illstal]ilitmyon rf Voltage

The PSR has a harmonic 11=1 tllnal)le b~lllclling cavity (2.8 MHz), with a maxi-
Inum accelerati]]g vo!tage of ~ 15 kV. ‘1’lle ravily is ]Iormally on at near nlaximuln voltage

(> 10 kV) duri~qg PSR operation, and tflllcvoltage waveform (voltage as a ful]ction of time
during the beam p~llse) is t~~nal>leand is varied to minimize beam loss. The synchrotrons
period is relatively long (600 ps at V = 15 kV), and the instability growth times nt. cur-
rellt,s signiflcal~tly above threshold are us~lally nluch shorter. The instability threshold is
significantly dependent on rf voltage, and that dependence was measured in a series of

experiments. The results are displayed grapllicall.v in Fig. 5. In these experiments, the
beam was considered stable if the beam current, remained stored for 500 /Ls after injection
witlho~lt. any large, fast losses. Injected beam was increased until instability was reached
and the n~axin~llln, stable, stored beam was recordecl. Tile rf voltage was held ccmstant at
the reference value throl lghout the bealn pulse.

The maximum stable c(lrrent increzwes from ~ 0.55 x 1013 protons with O rf voltage
t.o -1.5 x 1013 protons ‘ !t.h 12-kV voltage, and the incre=e appears to be nearly linear
with voltage. If the instai~llity is longit~ldina] or transverse, the threshold should chan~e

with rf voltage as the momentum spread and phase width of the beam blmch change,
with the thresholds given by ECIS. 1 and 4. As the rf voltage V incre=es, the maximum
stable moment um deviation tip/p (height of rf bucket) should increase as Vli2, If injection
were perfect ly mat chccl wit lmu t phase-space dilut iol], the plmse-space area of the beam
(A @Al)/p) would be Coi]st~llt and Ap/p would incre=e as Vlf4, where A+ is the phase
length of tile beam. From Eqs. 1 and 4, it can be showI~ that the maximum stable current
Iinlitecl by transverse instability should vary as (Ad Ap/p), and the maximum current
li!nitwl by longitudinal instability slloulcl vary as (Ad (Ap/p)2).

Injection into the PSR is not matched in phase space and considerable phase-space

dilution does occllr. This dilution can be estimated by a numerical simulation of PSR
injection. 111the simulation, beam is injected with an initial total plmse spread of +2 n/3
and an initial ll~omentum sp-ead of +0.0015, and tracked turn by turn with applied rf
forces. The resulting pha~e and momentlun spreads are displayed in Table 3 and graphed
in Fig. 6, Figure 6 nlay be compared with Fig. 5. Although the increase in current
threshold does follow the sin~ulated increase ill ph~e space reasonably well, the comparison

does not provide conclllsive evidence on whether the in~tability thresholds are transverse
or Iollgitlldina]. ‘rk tlllrmhold nm~urenmlts ruld tile sim(llmtioll with its assumptions

cot)tni]) sllfiicient, Illlrcrtnint, ies to make the colnlJurisoll illdcfillite.

(;



increase in maxinluln stable beanl from (i x 10*2 with Ap/p s 0.00z (no modulation)
t.o 1.8 x 1013 at lnaxiln~lm nlod~llation ( Ap/p = 0.008), al]cl the results are consistel~t
with a linear increase of tl,re.shold wit,ll Ap/p, w wo[~l(l be expected with a transverse
installility, alt[lough tllerc are siglliiicallt, Llllcerlaillties ill the results.

13xperill]ellts with Sextuples

Two independent sets of sextuples (two pair) were installed in the PSR in November
1986. The sextuples are located in two straight sections on opposite sides of the PSR wil,h
one set close to focusing qllacls where the lattice functions are ~, % 10.0 m, /3V ~ 3.0 ]n,
and q ~ 2.3 m (the F sextuples); tile other set is close to defocusing quads where
P= % 2.Om, & ~ 12.0 m, and q ~ 1.3 m (the D sextuples). Locating the sextupolcs
on opposite sides of the ring cancels t.l~eexcitation] of odd resona]lces. The lowest orcler

dynamic effects of the sextuples are changes in the x and y cl~ron~aticities of the ring,
These changes may be calculated from the expressions

and
(9)

where the sum is taken over all sextuples. The length of a sextupole is Li, Si = B~/2
= Bi /az is the field strength of a scxtupole, and the Iatticc parameters ~, q are evaluated
at the sextupole locations. ‘1’lm two independent sets of sextuples permit iudepender:t
variation of x Mid y chrolnaticities. The length of a PSR sextupole is 0.3 m, and its
maxilu~ltn strength is 24 T/nlz with a current I :.- 20 A, The expected chromaticit,ies of
the PSR cm a function of the D and F scxtupole currents are

<Z = -0.82 + 0.17 1~ – 0,019 ID

ancl
(lo)

‘$, ‘ 1.3 - 0.074 ff + 0.17 ID,
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and

~, = - 1.37 + 0.16 lF -- 0.015 ID

(11)

{Y ‘“- ‘-
1,() - ().()66 If? + 0.16 ID.

The effects of the sextupo]e fields agree quite well with the calculated values. The differ-
ences between calculated anti measured chronmtici ties at IF = lEI = O are probably caused
by nonlinearities in the real PSR that, are not included in the idealized laltice.

At the PSR, a series of experiments w= performed that explored the dependence of
the instability on sextupole strengths. Stable beam current was indeed strongly dependent
on the magnitude and sign of the chronlaticity. Figure 8 shows maximum stored beam
without instability as a function of (X and Q for a set of experiments in which injected
beam had a large momentum spread (Ap/p % 0.008) and rf voltage was off. Stable
current varies from 7 x 1012 to 1.8 x 1013 protons, depending on sextupole strengths.
Similar experiments were also performed with different initial momentunl spreads and also
with rf on.

The results of these experiments may be summarized as fol!ows:

1. The highest stable currents were found at large negative vertical chromaticity
((Y ~ –4), with horizontal chromaticity simultaneously not greatly positive (& < 0.5).

2. The instability was more dependent, on vertical than on horizontal chromaticity; how-
ever, it was not independent, of LX, as noted above,

3, The dependence on chrornaticit.v was greatly reduced with a smaller momentum spread.
The reduction is consistent with a ~illear dependence on Ap/p; however, as discussed above,
that dependence is not conclusively determined.

The results support the hypothesis that the instability is transverse rather than lon-

?
itudinal because a transverse instability is expected to depend on chromatic it,y,while a

ongitudinal one does not. ‘The results may be correlated with the tune spread expression

[ 1 Ap
Av%[(n–v)7!–(u{— i A vNL,

P
(12)

with tile following colnlnenls:

1. The greater (Iqmnrleuce 01) vertical chromaticity does not, imply ! !i~t the vertical
impcda.nce is milch grvat.rr than the horizontal I)ccausr the stlrongcr horizolltnl focusing
lllrtkcs the btwnl n factor of (I~x/vy ) n]ore sensitive to vert.iwd illlpeclm~ces. 13eca(! e tile
instability is not, illdqm~dm~t of <r; perl Inps Illw Ilorizcmta.1 inlpedhnce is in tktl Imt. grmtly
lCSS tlll[lll 111(”Vt’l”lli(”ill.



(n > 10) or that it covers a broad range of harmonics. The low harmonics (n = v) are
not dominant.

3. The fact that the instability is strongly t-dependent implies
be concentrated at harmonics that are not too high (n < 100).

Depencl ence cm Ott upole Strength

that the instability must

Two octupoles were inserted at opposite sides of the PSR in December 1986. They
were placed in the center of the straight, sections, where 8X S /_?Y(S m) and q ~ 2 m.
The lowest order effect of the octupoles is to give particles in the beam amplitude and
momentum dependent tune shifts and, therefore, give the beam a nonlinear tune spread.
The tune shifts may be tound from

and

B’” Lo @v

[

2

‘“v=Z 32TBP 01A~–2!A:-Llq?
P’

(13)

6B/a3, the latticewhere the sum is over all octupoles of lengths Lo and strengths B’” =
functions are to be evaluated at the octupoles and AX = <~ and AY are the par-
ticle amplitudes at the octupoles. For the PSR, the cctupole length is 0.44 m mid the
octupole
(c. = 20

strength is W“ = 4580 ‘1’/n13 at 200-A current. For typical PSR parameters
x 10-6, 6p/p = J x 10–3), we obtain

[ 1Avz=0.006 ~–2~ +.06762 . (14)
cc, co

PSR showed a significant dependence of stable beam upon octupo]e current.
shows results of an experiment in which octuuole strendh was varied. The rf

The
Figure 9
was off in that experiment, and ~hc injected lllolllel~t,ulll”sl}read w~ rmt enhanced. Stable
beam increased from 6 x 1G:2 at zero octupole current to 1.5 x 1019 at 225 A. The stable
beanl was injection-current limited at higher fields.

The res~dts sup ort the hypothesis that the instability is transverse rather than lon-
rgitlldimd because a ongitudinal instability would have no de mndei?ce on octupoles, while

c1a tri=msvmse one can be significantly damped by octupole-in uced tune spreads. The data
may be Iitled by R model of the form

d (A u)
Av=:AvO +-- 1

d 10 0’
(15)

wllcre I,, is tl~e n~agllitu(ie of the octulmlc currcl]t mld A V. X 0,01 col~trti~ls t,l]~ bare
Inachilw mmlilmaritim plus tile tune spread due to the injected mome’ltum spread. In thr



experiments, there was also a weak dependence of the stability on the sign of the octupoles,
indicating some interference between octupole and space charge effects, according to M6hl
and Schonauer,5 or possibly some interference with other PSR nonlinearity ies.

Sources of the Impedance

The experimental results are consistent with a transverse instability driven by an
impedance with a magnitude of ~1.0 Mft/n~. Inserting best estimates for the PSR pa-
rameters into the transverse instability threshold expression (13q. 1), we obtain I Zl I =
0.7 FL Mfl/m for the driving impedance. The impedance should also have high frequency
content (3o -300 MHz). The exact source of this impedance has not yet been identified. In
this section we suggest some possibilities. A more detailed discussion of the known devices
in the PSR and their estimated impedances has been presented in Ref. 6, and some of the
results are included ill the present discussion,

Contributions to the impedance will be obtained from all components of the ring,
which iuc!ude the beam pi ]e resistance, rf cavity resonances, bellows, steps in beam pipe
diameter, bump magnets, ICI“cker plates, beam monitors, the stripper foil unit, capacitive
pickups, and beamline junctions. Some of the more significant contributions are expected
from

1. Space charge impedance. The PSR has a relatively large space charge impedance given
by

where Z. is the impedance of free space, a is the beam
radius. At PSR parameters, the resulting impedance is
this impedmce is purely imaginary and does not directl>

radius, and b is the beam-pipe
Z_L ~ z 10 iMfl/m. However,
drive the instability. For typical

dispersion relations, however; the’ threshold is lowered-for Re (Zl ) at wh(ch instakilit y

is seen, From the instability growth rates, we estimate that Re (ZL ) > 0.25 Mfl/m is
needed.

2. Resistive wall impedance. The resistive wall from the PSR beam pipe (5-cm radius
stainless steel) is ouly expected to contribute less than 104fl/m in the 30- to 300-MHz
frequency region.

3. Fast kickers. The PSR contains two f~t kickers of 3,95 m length. Assumiug that the
k:ckers can be treatecl as strip lines with a 50-fl characteristic impedance, Z1 ~ 0.1 Alt_2/nl
is obtained,

4. Bump magnets. The bump magnets are simple cylindrical cavities with a single-turn
coil, The coil may be approximated as a transmission line with characteri6tlc impedance
of 7(M Q, with a resulting total impedance of r=O.3 Mfl/m at ~JIOOMHz from the six bunlp
l]mg~~et,s, ‘l%ere HISOwill be cavity modes ill the impedance.

5. 13uncher cavity. Me~~l~~meilts illdica,te tllnt, at tile fulldalnental freq[lellcy, tile l~uncher
c~vity is a silnplc resonator with n sh~lllt illll]r.clancc less tllal~ 70 ft and a very low Q, A few

10



parasitic modes were also seen in the 1 to 1000-MHz range, but the measured impedances
were s)ndl.

6. Other structures. The various irregularities in tile beam pipe - cross-section changes,
pelts, bellows, etc. - are l~elieved to sul~l into a wideband impedance with Q ~ 1 of
undetermined magnitude, which may or may not be sufficient to drive the instability.

Figure 10 shows the real and imaginary parts of the transverse impedances, calculated
with the code ZLT using known expressions for the impedances of varmus devices. The
calculations do not unicluely identify the source of the impedance driving lhe instability.
Rlture development studies will remove the bump ma nets, short circuit the buncher
cavit~, and modify other devices in the ring. fThese stu ies may result in a more precise
identification. A Iso, future studies will more accurately measure the frequency structure
and time dependence of the unstabie motion.

Sunlmar y

Evidence for a transverse instability has been observed at the PSR. The evidence from
studies of the dependcmces of stable current on rf voltage, injected momentum spread, sex-
tupole strengths, and octupole strengths is consistent with a transverse instability driven
by an inlpedal~ce Z1 with n magnitude Oi ml M!2/m, which excites the beam at high
harmonics ( n = 10-10!)). The precise source of the clriving impedance has not yet been
identified.
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TABLE 2

INSTABILITY LIMITS Al’ SAMPLE 1’S1? PARAMETERS

%mple parameters: 71 = 0.19, Ap/p =: (),()()2, Ip=nk = 20 A, ~J = 6,0 In L3VL = 0.01.

Longitudinal impedance limit: ~y < F 47 fl

Tmmsverse impedance ]imit: Z.1. ~c FL 0.49 Mfl/m

Scaled transverse limit: ~~ l,c.~dd s ~ < FL 42f2

(F and I?l arc clistril>llti(~l~-~lcl}elldellt factors of order unity.)

I3
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TA131,11 3

RESULTS OF SIMIJLAI’EI) IN.IIWTION INTO THE PSIl*
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0.?2 YO
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0.44

().52
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6(J$Ap/p(%l)
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0.34 %

0.307

0.37

0.43

().48

0,53

0..57

5+ ( Ap/p)2(%)

0.076 %2

0.089

0.137

0.188

0.25

0.306

0.355

*hl tim sill] ulmtions, M initinl momentum t3prcMI of 0,003 cud on initiul full phluw
sprmwl of 250” we’re nrwlmml, lhwrgy lWMJin tile foil w~ not ilrl. uded.
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Figure 1: The Proton Storage Ring ( PSR).

Figure 2: Appmranu= of the ilmbd]ilit.y.

A: 13cmn current, M a function of tilm- in n slddr beam pulse with extraction

!500 /:s after injectic~n. l’hc stmcd-lmnin intensity is N6 x 10’2 protons (rl’ is cdr).

D: With higher injcctml current, tlw Imm becomes unstable with fast beam 10ss

N1OOPS after injection.

C!: With still Iargerinjectml clm-ent, the fast beam Ioss occurs Imfore injection

is mmpletmi.

D: With larger injected r.urrent, t,hr fast beam Iossommsear licrininjection.

Figtlre 3: Tl~elower sw~I}sllows heml~lc(irrel~t, ~mf~~l]ctiol] oftil]le with instability. The

upper sweep shows signal froln a transverse pickup. Transverse oscillation signals
appear before the Imm 10SS and continue until beam loss ha reduced clwrent to

n stnbk level,

A: A I)emll ]Mdse during higllcst opcmtim (- 3.2 x 1011 stored protons) with

cxtrm-tim immedi~tely frdlowillg injection and rf nt maximum voltage (14 kV).

11: SmIIc injrctml lmmI 1]’lt with rf of~i Ihm is llll~tnldr wit Ii multiple Imm

h)s~ cvrllt~ d{lriug il]jm:tim.

(!: Snnw injmtcd Imm witl) rf m lml with lmmI Rtmcd for 200 p~ nftcr inject.ion.

IImtlnl)ility nlqmm NS inst lmw (Illrillg ::{orqc.

1(;



Figure 7: Dependence= of maximum stored Imanl on Zip/p. lkwm) was considered stable

if stored for 500 p3 wit, hou t fast beml !0ss. Momentum spread was variecl hy

varying injm-tcd nlomentllm spread,

Figure 8: Stable current as function of v~{= and UY{Y. h these experiments rf wu off,

momellt.um spread was set at - 0.008, and beam was considered stalde if stored

for 500 ILS without fast beam loss.

Figure 9: !Nalde stored beam as a function of current in PSR ocl.upoles. In these exper-
iments rf was off, Ap/1) ~ 0.002 was not enhanced, WICIbeam was ccmsiclered

st.al]le if storecl for 100 ps after the encl of injection without fast beam 10ss.

Intensity wzs injection limited at N 1.5 x 1013.

Figure 10: Calculatm-1 red and inmginary parts of the transverse coupling impedances for
space charge in an ideal beam pipe (Sp. Ch. ), fast kicker plates (FKp), bundler

fundamental with rf on (HBI ), the hump magnet considered as a parallel-plate

transmission line (YMp), and a postulated high-freqmmcy cavity resonance of

the bump magnet chamber (YM), (hpedancc scale shown is 1 to 108 fl/nl;
frequency scmlr is 2 MHz to 20 GHz.)
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